decreased pulmonary and systemic arterial pressures and increased cardiac output. The decreases in pulmonary arterial pressures were enhanced when baseline tone was increased with U-46619, and under elevated tone conditions Y-27632 produced similar percent decreases in pulmonary and systemic arterial pressures. Injections of Y-27632 prevented and reversed the hypoxic pulmonary vasoconstrictor response. The increase in pulmonary arterial pressure in response to ventilation with a 10% O 2-90% N2 gas mixture was not well maintained during the period of hypoxic exposure. Treatment with the nitric oxide (NO) synthase (NOS) inhibitor nitro-L-arginine methyl ester (L-NAME) increased pulmonary arterial pressure and prevented the decline or fade in the hypoxic pulmonary vasoconstrictor response. The hypoxic pulmonary vasoconstrictor response was reversed by Y-27632 in control and in L-NAME-treated animals. The Rho kinase inhibitor attenuated increases in pulmonary arterial pressures in response to intravenous injections of serotonin, angiotensin II, and Bay K 8644. Y-27632, sodium nitrite, and BAY 41-8543, a guanylate cyclase stimulator, decreased pulmonary and systemic arterial pressures and vascular resistances in monocrotaline-treated rats. These data suggest that Rho kinase is involved in the regulation of baseline tone and in the mediation of pulmonary vasoconstrictor responses. The present data suggest that the hypoxic pulmonary vasoconstrictor response is modulated by the release of NO that mediates the nonsustained component of the response in the anesthetized rat. These data suggest that Rho kinase and NOS play important roles in the regulation of vasoconstrictor tone in physiological and pathophysiological states and that monocrotaline-induced pulmonary hypertension can be reversed by agents that inhibit Rho kinase, generate NO, or stimulate soluble guanylate cyclase. pulmonary vasodilation; systemic vasodilation; hypoxic pulmonary vasoconstriction; nitric oxide release; BAY 41-8543 THE SMALL GTPase Rho A and its downstream effector Rho kinase have been shown to play an important role in the regulation of vascular smooth muscle contraction (2, 22-25, 28 -31). Smooth muscle contraction is mediated by the phosphorylation of myosin light chains, and the extent of myosin light chain phosphorylation is regulated by the opposing activities of myosin light chain kinase and phosphatase. The activity of myosin light chain phosphatase is regulated by Rho kinase, and inhibition of Rho kinase results in myosin light chain dephosphorylation and vasodilation (2, 22-25, 30, 31). Studies on the role of Rho kinase in the regulation of vasoconstrictor tone in vivo have been assisted by the development of selective Rho kinase inhibitors (32, 34) . Y-27632 is one of the best-characterized Rho kinase inhibitors that selectively targets P160-Rho kinase from the family of Rho-associated protein kinases (32, 34) . Much of our knowledge about the vascular effects of Y-27632 have come from studies in in vitro models, and an early study reported that Y-27632 had no effect on systemic arterial pressure in normotensive rats (32, 34) . Although Y-27632 has been shown to attenuate the hypoxic pulmonary vasoconstrictor response in the intact rat and isolated perfused rat lung, the effects of Y-27632 on vasoconstrictor responses induced by other mechanisms have not been examined in the intact rat and responses have not been compared in the pulmonary and systemic vascular beds (14, 25, 29) . Y-27632 has been used in the treatment of pulmonary hypertension in rodents (1, 14, 17a ). An important side effect of vasodilator agents such as PGI 2 when used in the treatment of pulmonary hypertension is a decrease in systemic arterial pressure, and it has been hypothesized that Rho kinase inhibitors may have selective vasodilator activity in the pulmonary vascular bed (17, 20, 21) . The purpose of the present study was to test the hypothesis that Y-27632 has selective pulmonary vasodilator activity and to investigate responses to Y-27632 when vasoconstrictor tone was increased by diverse mechanisms in the pulmonary vascular bed. The effect of the nitric oxide (NO) synthase (NOS) inhibitor nitro-L-arginine methyl ester (L-NAME) and of Y-27632 on the hypoxic pulmonary vasoconstrictor response was investigated, and vasodilator responses to Y-27632, BAY 41-8543 (a stimulator of soluble guanylate cyclase), and sodium nitrite, an agent that generates NO, were investigated in rats with monocrotaline-induced pulmonary hypertension. The results of these studies show that Y-27632 has potent vasodilator activity in the pulmonary and systemic vascular beds and that pulmonary vasoconstrictor responses mediated by diverse mechanisms are attenuated by Y-27632. The present results indicate that the hypoxic pulmonary vasoconstrictor response is modulated by Rho kinase and the release of NO from the endothelium that mediates the fade in the response in the anesthetized rat.
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METHODS
The Institutional Animal Care and Use Committee of the Tulane University School of Medicine approved the experimental protocol used in these experiments, and all procedures were conducted in accordance with institutional guidelines. In these experiments adult male Sprague-Dawley rats (Charles River) weighing 297-424 g were anesthetized with Inactin (100 mg/kg ip; SigmaAldrich) and were placed in the supine position on an operating table. Supplemental doses of Inactin were administered intravenously to maintain a uniform level of anesthesia. Body temperature was maintained with a heating lamp. The trachea was cannulated with a short segment of polyethylene (PE)-240 tubing to maintain a patent airway, and the animals spontaneously breathed room air or in experiments with hypoxia a 10% O 2-90% N2 gas mixture from a plastic hood over the end of the endotracheal tube. A femoral artery was catheterized with PE-50 tubing for the measurement of systemic arterial pressure. The left jugular and femoral veins were catheterized with PE-50 tubing for intravenous injections and infusions, respectively. For measurement of pulmonary arterial pressure a specially designed 3F simple lumen catheter with a radio-opaque marker and curved tip was passed from the right jugular vein into the main pulmonary artery under fluoroscopic guidance (Picker-Surveyor Fluoroscope) as described previously (3, 7, 9, 10) . Another 3F radio-opaque catheter was passed into the left ventricle from the right carotid artery in some experiments to measure left ventricular end-diastolic pressure as a measure of left atrial pressure. Pulmonary and systemic arterial pressures and left ventricular end-diastolic pressure were measured with Namic Preceptor DT transducers, digitized by a Biopac MP-100 data acquisition system, and stored on a Dell computer. Cardiac output was measured by the thermodilution technique with a Cardiomax III Thermodilution Cardiac Ouput Computer (Columbus Instruments). A known volume (0.2 ml) of room temperature 0.9% NaCl solution was injected into the jugular vein catheter with its tip near the right atrium, and changes in blood temperature were detected by a 1.5F thermistor microprobe (Columbus Instruments) positioned in the aortic arch from the left carotid artery. In the first set of experiments changes in pulmonary and systemic arterial pressures and cardiac output in response to intravenous injections of graded doses of Y-27632 (ϩ)-(R)-trans-4-(1-aminoethyl)-N-(4-pyridyl) cyclohexane carboxamide hydrochloride (Tocris Bioscience) dissolved in 0.9% NaCl were investigated under baseline conditions. The order of injection of the various doses of Y-27632 was randomized, and sufficient time (10 -60 min) was permitted between injections for parameters to return toward base line value.
In the second set of experiments responses to Y-27632 were measured when pulmonary arterial pressure was increased to ϳ30 mmHg by continuous intravenous infusion of U-46619. After starting at a high priming rate, the U-46619 infusion was adjusted (80 -320 ng/min) to maintain pulmonary arterial pressure at ϳ30 mmHg. U-46619 (Cayman Chemical Comp) was dissolved in 95% ethanol and diluted with 0.9% NaCl solution and infused with a Harvard infusion pump. In the next set of experiments responses to Y-27632 were investigated when pulmonary arterial pressure was increased by ventilation with a 10% O 2-90% N2 gas mixture. The 10% O2-90% N2 gas mixture was delivered by way of a plastic funnel over the opening of the endotracheal tube. A time course for the hypoxic pulmonary vasoconstrictor response was established, and Y-27632 was injected at the peak of the response. The effect of injection of Y-27632, 5 min before the hypoxic response was initiated, was also investigated. Arterial PO 2, PCO2, and pH were measured with a Radiometer NPT analyzer using a 0.2-ml blood sample from the femoral artery. Working drug solutions were prepared on a frequent basis, and the saline vehicle had no significant effect on baseline hemodynamic values or on the responses to hypoxia and the vasoactive agonists. The effect of the NOS inhibitor L-NAME on the hypoxic pulmonary vasoconstrictor response was investigated in the next set of experiments. The effect of Y-27632 on the increase in pulmonary arterial pressure in response to intravenous injections of Bay K 8644 and angiotensin II and serotonin (Sigma-Aldrich) was investigated in the next set of experiments. The effect of Y-27632, BAY 41-8543, and sodium nitrite on pulmonary and systemic arterial pressures was investigated in animals treated with monocrotaline (60 mg/kg iv) 28 days after the administration of the plant alkaloid. Sodium nitrite (Sigma-Aldrich) was dissolved in 0.9% NaCl solution, and BAY 41-8543 (Bayer Health Care) was dissolved in Transcutol/Cremophor EL/0.9% NaCl solution in a ratio of (10/10/80).
The data are presented as means Ϯ SE and analyzed statistically using paired and unpaired t-tests and ANOVA with Dunnett's post hoc test. The criteria for significance is P Ͻ 0.05. Pulmonary vascular resistance was calculated by dividing pulmonary arterial pressure by the cardiac output after determining that left ventricular end-diastolic pressure was not changed. Systemic vascular resistance is calculated by dividing systemic arterial pressure by the cardiac output.
RESULTS

Responses to Y-27632.
Under baseline conditions intravenous injections of Y-27632 in doses of 10 -300 g/kg iv produced small decreases in pulmonary arterial pressure, larger dose-dependent decreases in systemic arterial pressure, and increases in cardiac output (Fig. 1A) . When tone in the pulmonary vascular bed was increased by infusion of U-46619, the intravenous injection of Y-27632 produced larger dose-dependent decreases in pulmonary arterial pressure, similar decreases in systemic arterial pressure, and increases in cardiac output (Fig. 1B) .
The percent decreases in systemic arterial pressure in response to Y-27632 were significantly greater than the percent decreases in pulmonary arterial pressure under baseline tone conditions (Fig. 2) . The percent decreases in pulmonary and systemic arterial pressure were similar in U-46619-infused animals (Fig. 2) . These data indicate that Y-27632 has similar vasodilator activity in the pulmonary and systemic vascular beds under physiological conditions. The decreases in pulmonary and systemic vascular resistances in response to intravenous injections of Y-27632 under baseline and elevated tone conditions are summarized in Fig. 3 , and intravenous injections of the Rho kinase inhibitor produced significant decreases in pulmonary and systemic vascular resistances.
Effect of Y-27632 on the response to hypoxia. Ventilation with a 10% O 2 -90% N 2 gas mixture decreased arterial PO 2 and increased pulmonary arterial pressure ( Fig. 4A and Table 1 ). The peak increase in pressure occurred at ϳ5 min after onset of ventilation with the 10% O 2 -90% N 2 gas mixture (Fig. 4A) . However, following administration of an intravenous injection of Y-27632, 100 g/kg, at the peak of the hypoxic pulmonary pressor response, a significant reduction in pulmonary arterial pressure was observed (Fig. 4B) . The spontaneous decline in Fig. 4B . The intravenous injection of Y-27632, 1 mg/kg 5 min before ventilation with the 10% O 2 -90% N 2 gas mixture prevented the increase in pulmonary arterial pressure in response to ventilation with the hypoxic gas mixture (Fig. 4C) .
The hypoxic pulmonary vasoconstrictor response was not well maintained, and pulmonary arterial pressure declined back toward baseline value after the peak increase in pulmonary arterial pressure was attained (Fig. 4A) .
Effect of L-NAME. The role of endothelial NOS (eNOS) in mediating the fade or decline of the hypoxic pulmonary vasoconstrictor response was investigated, and after intravenous injection of L-NAME in doses of 10 and 50 mg/kg, the increase in pulmonary arterial pressure was well maintained after the peak increase in pressure was reached and very little fade was observed when the animals continued to breathe the 10% O 2 -90% N 2 gas mixture (Fig. 5A) . Inasmuch as the effect of NOS inhibition with L-NAME on the pulmonary vascular bed is uncertain, the effect of a wide range of doses of L-NAME was investigated. The administration of L-NAME in doses of 1-100 mg/kg iv produced significant increases in pulmonary and systemic arterial pressures and decreases in cardiac output in the rat ( Table 2 ). The increases in pulmonary vascular resistance in response to L-NAME are summarized in Table 2 . The intravenous injections of Y-27632 in L-NAME-treated rats produced dose-related decreases in pulmonary arterial pressure (Fig. 5B ). In addition, the increase in pulmonary arterial pressure in response to ventilation with 10% O 2 -90% N 2 gas mixture in L-NAME-treated rats was reversed by intravenous injections of Y-27632 at the peak of the hypoxic pressor response (Fig. 5C) .
Effect of Y-27632 on responses to intravenous injections of angiotensin II, Bay K 8644, and serotonin. The intravenous injections of angiotensin II, Bay K 8644, and serotonin increased pulmonary arterial pressure, and the increases in pulmonary arterial pressure were significantly attenuated when the vasoconstrictor agents were injected 1 min after intravenous injection of 300 g/kg Y-27632 (Fig. 6 ). Responses to the three vasoconstrictor agonists were not attenuated by injection of Y-27632 when the vasoconstrictor agents were injected 5-10 min after injection of the Rho kinase inhibitor (data not shown).
Effect of Y-27632 in monocrotaline-treated rats.
Responses to Y-27632 in monocrotaline-treated rats were investigated, and these data are summarized in Fig. 7 . The intravenous injection of monocrotaline in a dose of 60 mg/kg produced a significant increase in pulmonary arterial pressure when pressures were measured 28 days after administration of the plant alkaloid ( Table 3 ). The intravenous injection of 100 g/kg or 300 g/kg iv Y-27632 produced a significant decrease in pulmonary and systemic arterial pressures and an increase in cardiac output in monocrotaline-treated animals. The intravenous injection of BAY 41-8543 and sodium nitrite also produced significant decreases in pulmonary and systemic arterial Fig. 5 . A: effect of pretreatment with nitro-L-arginine methyl ester (L-NAME; 10 -50 mg/kg iv) on hypoxic pulmonary vasoconstrictor response. B: effect of intravenous injections of Y-27632 on pulmonary arterial pressure in L-NAME-treated animals. C: effect of injection of Y-27632 (100 g/kg iv) on the increase in pulmonary arterial pressure in response to ventilation with the 10% O2 gas mixture in L-NAME-treated animals. n, number of experiments. *Response is significantly different than control. pressures and vascular resistances in monocrotaline-treated rats (Fig. 7) . The percent decreases in pulmonary and systemic arterial pressures in response to BAY 41-8543 and sodium nitrite were similar in monocrotaline-treated animals.
DISCUSSION
Although it is known that Y-27632 decreases pulmonary arterial pressure in rodents with monocrotaline and hypoxia induced pulmonary hypertension, less is known about responses to the Rho kinase inhibitor when tone is increased by other mechanisms and responses have not been compared in the pulmonary and systemic vascular beds (14, 25, 26) . The results of the present study show that intravenous injections of Y-27632 decrease pulmonary and systemic arterial pressures under baseline conditions and that decreases in pulmonary arterial pressure are enhanced when baseline tone in the pulmonary vascular bed is increased by diverse mechanisms. When tone in the pulmonary vascular bed is increased by infusion of the thromboxane (TP) receptor agonist U-46619, hypoxia, or the NOS inhibitor L-NAME, the intravenous injections of Y-27632 produced dose-related decreases in pulmonary and systemic arterial pressures, and both pulmonary and systemic arterial pressures were decreased in a similar manner. Inasmuch as cardiac output was increased and left ventricular end-diastolic pressure was not changed, the decreases in pressures indicate that pulmonary and systemic vascular resistances were decreased. These data indicate that Y-27632 has significant vasodilator activity in the pulmonary and systemic vascular beds. These data are not in agreement with an early study reporting that the Y-27632 did not decrease systemic arterial pressure in normotensive rats (34) . The results showing that Y-27632 decreases baseline pressure in the pulmonary vascular bed are consistent with results in conscious chronically instrumented rats and provide additional evidence that Y-27632 reduces basal pulmonary arterial pressure (25) .
In addition to reversing the pulmonary hypertensive response to U-46619, Y-27632 prevented and reversed the increase in pulmonary arterial pressure when the rats breathed a 10% O 2 -90% N 2 gas mixture. These data are consistent with previous results in the conscious and anesthetized rat and the isolated perfused rat lung (14, 25, 26) . It has been hypothesized that Rho kinase-mediated calcium sensitization plays an important role in mediating the hypoxic pulmonary vasoconstrictor response (25, 28 -30, 35, 36) . The results showing that the response to hypoxia can be prevented or reversed by Y-27632 are consistent with this hypothesis. However, the observation that the pulmonary hypertensive response to U-46619 and the NOS inhibitor L-NAME are blunted or reversed suggests that the inhibitory effects of Y-27632 are not selective for hypoxia in the anesthetized rat. The effect of intravenous injections of Y-27632 on increases in pulmonary arterial pressure in response to intravenous bolus injections of serotonin, angiotensin II, or Bay K 8644 was investigated, and responses to the vasoconstrictor agonists were attenuated when Y-27632 was injected 1 min but not 5 or 10 min before injection of the vasoconstrictor agent. These data indicate that Y-27632 is not as effective as fasudil or SB-770277-B in blunting responses to the vasoconstrictor agonists (3, 9) . These data provide support for the hypothesis that Rho kinase inhibition can blunt vasoconstrictor responses mediated by a variety of mechanisms including G coupled receptor activation, Bay K 8644 enhanced calcium entry, and L-NAME-induced endothelial dysfunction.
The hypoxic pulmonary vasoconstrictor response in anesthetized rats and dogs is not well maintained or sustained during the period of hypoxic exposure, and pulmonary arterial pressure declines after the peak increase in pressure is attained (18, 33) . The mechanism of this decline or fade in pulmonary arterial pressure has not been determined (18, 33) . The hypothesis that the decline or fade in the hypoxic pulmonary vasoconstrictor response is mediated by the release of NO was investigated, and after treatment with the NOS inhibitor L-NAME, the decline in pulmonary arterial pressure was significantly atten- uated. These data provide evidence in support of the role of endothelial NO release in mediating the nonsustained component or fade of the hypoxic pulmonary vasoconstrictor response in the anesthetized rat.
In addition to attenuating the fade in the hypoxic pulmonary vasoconstrictor response, the NOS inhibitor increased the magnitude of the hypoxic pulmonary vasoconstrictor response and increased baseline pulmonary arterial pressure in the rat. The role of NO release in regulating baseline tone in the pulmonary vascular bed is controversial (12, 13) . Although it has been reported that NO does not have a role in maintaining baseline tone in the pulmonary vascular bed in the rat, the results of the present study show that L-NAME administration in doses of 1-100 mg/kg iv increased pulmonary and systemic arterial pressures and decreased cardiac output. The results of the present study and previous studies from this and other laboratories are consistent with the hypothesis that the formation of NO by eNOS plays an important role in modulating the hypoxic pulmonary vasoconstrictor response and in maintaining baseline tone at a low level in the pulmonary vascular bed of the anesthetized rat (3, 4, 6, 9, 19, 11) . The effect of the NOS inhibitor on baseline tone in the rat is consistent with studies in a variety of species including the human showing that NO plays an important role in maintaining baseline tone at a low level in the pulmonary vascular bed (3-5, 9, 17) . The reason for the difference in results is uncertain but may involve differences in pulmonary blood flow and shear stress or differences in the experimental model or preparation used (4, 12, 13, 16) . It has been hypothesized that the effect of L-NAME on the pulmonary vascular bed may represent an adverse effect of NOS inhibitor (12, 13) . The results showing that the pulmonary vasoconstrictor response to L-NAME is reversed by Y-27632 and previous studies showing reversal with NO donors and sodium nitrite are consistent with the hypothesis that the pulmonary vasoconstrictor response to L-NAME results from a decrease in NO release from the endothelium (3-7, 9, 16, 27) .
Recent attention has been focused on the role of Rho kinase in the regulation of vasoconstrictor tone (2, 3, 9, 10, 22-25, 30, 31) . The inhibition of Rho kinase results in the activation of myosin phosphatase, the dephosphorylation of myosin light chains, and vasodilation (2, 22-25, 30, 31, 35, 36) . The observation that Y-27632 decreases pulmonary and systemic arterial pressures under baseline conditions is consistent with the hypothesis that Rho kinase is tonically active and plays an important role in the regulation of baseline tone in the pulmonary and systemic vascular beds. The results of studies with hypoxia, U-46619, L-NAME, Bay K 8644, serotonin, and angiotensin II suggest that the pulmonary vasodilator response to Y-27632 is independent of the physiological mechanism used to increase tone. The finding that Y-27632 produced similar percent decreases in pulmonary and systemic arterial pressure when baseline tone is increased suggests that Y-27632 does not have selective pulmonary vasodilator activity in this model. These results suggest that there is no fundamental Table 3 . Effect of monocrotaline on systemic and pulmonary arterial pressure and cardiac output difference in the role of Rho kinase in regulating vasoconstrictor tone in the pulmonary and systemic vascular beds and are consistent with the results of previous studies (3, 9, 10) .
Responses to Y-27632 were also investigated in monocrotaline-treated rats, and the Rho kinase inhibitor produced similar percent decreases in pulmonary and systemic arterial pressures when responses were measured 28 days after administration of the plant alkaloid. These data are consistent with results with SB-772077-B and fasudil and provide support for the hypothesis that inhibition of Rho kinase does not produce a selective vasodilator effect in the pulmonary vascular bed (3, 9, 10) .
Responses to sodium nitrite and BAY 41-8543 were investigated in monocrotaline-treated rats, and these data show that both agents decrease pulmonary and systemic arterial pressures. Sodium nitrite is not a conventional nitro vasodilator. It has been reported that sodium nitrite has vasodilator activity in experimental animals and humans and that vasorelaxant responses are associated with an increase in cGMP levels (7, 8, 19) . It has been reported that vasodilator responses to sodium nitrite are attenuated by allopurinol, suggesting that xanthine oxidoreductase reduces nitrite to vasoactive NO in the rat (7) . The present data suggest that NO formed from the reduction of nitrite and the stimulation of soluble guanylate cyclase can promote vasodilation in animals with pulmonary hypertension. However, both agents were not selective for the pulmonary vascular bed. These data suggest that soluble guanylate cyclase is responsive to NO and that the heme iron of the enzyme is not oxidized or inactivated in monocrotaline-treated animals 28 days after administration of the plant alkaloid.
In summary, the results of the present study show that Y-27632 decreases pulmonary and systemic arterial pressures and that when tone is increased in the pulmonary vascular bed similar decreases in pulmonary and systemic arterial pressures are observed. The hypoxic pulmonary vasoconstrictor response is not well maintained in the anesthetized rat, and treatment with L-NAME attenuated the fade or decline in the response to hypoxia. In addition the magnitude of the hypoxic vasoconstrictor response was increased by L-NAME and the response could be prevented or blunted by Y-27632. These data suggest that the hypoxic pulmonary vasoconstrictor response is modulated by a Y-27632 reversible mechanism and NO. The observation that Y-27632 can promote vasodilation when tone is increased by diverse mechanisms including hypoxia, activation of G-coupled receptors, enhanced calcium entry, endothelial dysfunction, or monocrotaline treatment may in part explain the beneficial effects of Rho kinase inhibitors in the treatment of pulmonary hypertensive disorders. The finding that sodium nitrite and BAY 41-8543 have significant pulmonary vasodilator activity in monocrotaline-treated rats suggests that soluble guanylate cyclase is not inactivated by treatment with the plant alkaloid.
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